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Executive Summary 
 
Background 
The quality of stormwater runoff from ports is significant as it can be an important 
source of pollution to the marine environment. This is also a significant issue for the 
Port of Brisbane as it is located in an area of high environmental values. Therefore, it is 
imperative to develop an in-depth understanding of stormwater runoff quality to ensure 
that appropriate strategies are in place for quality improvement, where necessary. To 
this end, the Port of Brisbane Corporation aimed to develop a port specific stormwater 
model for the Fisherman Islands facility. The need has to be considered in the context of 
the proposed future developments of the Port area.  
 
The Project 
The research project is an outcome of the collaborative Partnership between the Port of 
Brisbane Corporation (POBC) and Queensland University of Technology (QUT). A key 
feature of this Partnership is that it seeks to undertake research to assist the Port in 
strengthening the environmental custodianship of the Port area through ‘cutting edge’ 
research and its translation into practical application. 
 
The project was separated into two stages. The first stage developed a quantitative 
understanding of the generation potential of pollutant loads in the existing land uses. 
This knowledge was then used as input for the stormwater quality model developed in 
the subsequent stage. The aim is to expand this model across the yet to be developed 
port expansion area. This is in order to predict pollutant loads associated with 
stormwater flows from this area with the longer term objective of contributing to the 
development of ecological risk mitigation strategies for future expansion scenarios.  
 
Study approach 
Stage 1 of the overall study confirmed that Port land uses are unique in terms of the 
anthropogenic activities occurring on them. This uniqueness in land use results in 
distinctive stormwater quality characteristics different to other conventional urban land 
uses. Therefore, it was not scientifically valid to consider the Port as belonging to a 
single land use category or to consider as being similar to any typical urban land use. 
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The approach adopted in this study was very different to conventional modelling studies 
where modelling parameters are developed using calibration. The field investigations 
undertaken in Stage 1 of the overall study helped to create fundamental knowledge on 
pollutant build-up and wash-off in different Port land uses. This knowledge was then 
used in computer modelling so that the specific characteristics of pollutant build-up and 
wash-off can be replicated. This meant that no calibration processes were involved due 
to the use of measured parameters for build-up and wash-off.  
 
Conclusions 
Stage 2 of the study was primarily undertaken using the SWMM stormwater quality 
model. It is a physically based model which replicates natural processes as closely as 
possible. The time step used and catchment variability considered was adequate to 
accommodate the temporal and spatial variability of input parameters and the 
parameters used in the modelling reflect the true nature of rainfall-runoff and pollutant 
processes to the best of currently available knowledge.  
 
In this study, the initial loss values adopted for the impervious surfaces are relatively 
high compared to values noted in research literature. However, given the scientifically 
valid approach used for the field investigations, it is appropriate to adopt the initial 
losses derived from this study for future modelling of Port land uses. The relatively high 
initial losses will reduce the runoff volume generated as well as the frequency of runoff 
events significantly. Apart from initial losses, most of the other parameters used in 
SWMM modelling are generic to most modelling studies.  
 
Development of parameters for MUSIC model source nodes was one of the primary 
objectives of this study. MUSIC, uses the mean and standard deviation of pollutant 
parameters based on a normal distribution. However, based on the values generated in 
this study, the variation of Event Mean Concentrations (EMCs) for Port land uses 
within the given investigation period does not fit a normal distribution. This is possibly 
due to the fact that only one specific location was considered, namely the Port of 
Brisbane unlike in the case of the MUSIC model where a range of areas with different 
geographic and climatic conditions were investigated. Consequently, the assumptions 
used in MUSIC are not totally applicable for the analysis of water quality in Port land 
uses.  
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Therefore, in using the parameters included in this report for MUSIC modelling, it is 
important to note that it may result in under or over estimations of annual pollutant 
loads. It is recommended that the annual pollutant load values given in the report should 
be used as a guide to assess the accuracy of the modelling outcomes. A step by step 
guide for using the knowledge generated from this study for MUSIC modelling is given 
in Table 4.6. 
 
Recommendations 
The following recommendations are provided to further strengthen the cutting edge 
nature of the work undertaken: 
• It is important to further validate the approach recommended for stormwater 
quality modelling at the Port. Validation will require data collection in relation 
to rainfall, runoff and water quality from the selected Port land uses. 
Additionally, the recommended modelling approach could be applied to a soon-
to-be-developed area to assess ‘before’ and ‘after’ scenarios. 
 
• In the modelling study, TSS was adopted as the surrogate parameter for other 
pollutants. This approach was based on other urban water quality research 
undertaken at QUT. The validity of this approach should be further assessed for 
Port land uses. 
 
• The adoption of TSS as a surrogate parameter for other pollutants and the 
confirmation that the <150 µm particle size range was predominant in suspended 
solids for pollutant wash-off gives rise to a number of important considerations. 
The ability of the existing structural stormwater mitigation measures to remove 
the <150 µm particle size range need to be assessed. The feasibility of 
introducing source control measures as opposed to end-of-pipe measures for 
stormwater quality improvement may also need to be considered. 
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PORT OF BRISBANE STORMWATER QUALITY – STAGE 2  
 
DEVELOPMENT OF A PORT SPECIFIC WATER QUALITY MODEL 
 
 
 
1. INTRODUCTION 
1.1 Background 
Ports commonly attract significant scrutiny due to the nature of their operations and the 
environmental sensitivity of their locations. In this context, the quality of stormwater 
runoff from port premises merits particular attention as it can be an important source for 
a variety of pollutants to the marine environment. This is also the case for the Port of 
Brisbane. The Port is located at the mouth of the Brisbane River, adjacent to the 
Moreton Bay Marine Park, which is an area of high ecological and conservation value.  
 
In keeping with the role of the Port as a critical economic hub for Southeast 
Queensland, there is ongoing expansion and development of the Port land area and its 
operations. This in turn results in increased impervious area and changes to the 
hydrologic cycle resulting in the greater potential for stormwater runoff and consequent 
pollutant loads into Moreton Bay Marine Park.  
 
Therefore, it is imperative to develop an in-depth understanding of the quality of 
stormwater runoff from the Port and the ability to predict pollutant loads in order to 
ensure that appropriate strategies are in place for quality improvement where necessary. 
To this end, the Port of Brisbane Corporation aimed to develop a port specific 
stormwater model for the Fisherman Islands facility. The need has to be considered in 
the context of the proposed future developments of the Port area.  
 
The project was separated into two stages. The first stage developed a quantitative 
understanding of the generation potential of pollutant loads in the existing land uses. 
This knowledge was then used as input for the stormwater quality model developed in 
the subsequent stage. The aim is to expand this model across the yet to be developed 
port expansion area. This is in order to predict pollutant loads associated with 
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stormwater flows from this area with the longer-term objective of contributing to the 
development of ecological risk mitigation strategies for future expansion scenarios.  
 
The research project is an outcome of the collaborative Partnership between the Port of 
Brisbane Corporation (POBC) and Queensland University of Technology (QUT). A key 
feature of this Partnership is that it seeks to undertake research to assist the Port in 
strengthening the environmental custodianship of the Port area through ‘cutting edge’ 
research and its translation into practical application. 
 
1.2 Overview of Project Stage 1 
The fundamental approach adopted in Stage 1 of the research study was the use of 
rainfall simulation together with the use of small homogeneous test plots. Stage 1 of the 
project entailed the development of a comprehensive database on pollutant build-up and 
wash-off for six Port specific land uses (Goonetilleke & Egodawatta, 2008). The study 
sites are listed in Table 1.1 below.  
 
Table 1.1 – Port land use sites used in rainfall simulation trials 
Site ID Land use Surface Description 
PS1 Vehicle 
marshalling 
area 
Asphalt Parking area for heavy transport vehicles. 
PS2 Container 
storage  
Asphalt Used to store empty and full containers ready for 
trans-shipment by road.  
PS3 Container 
terminal 
Asphalt Typically used for short-term storage of 
containers brought across the quay line.  
PS4 Quay line Concrete The interface between vessel unloading and land 
based movements.  
PS5 Inter-modal 
operations 
Inter-lock 
pavers 
Operates as a road-rail inter-change site using 
mobile plant.  
PS6 Roadway Asphalt Typical of a major traffic arterial entering a port. 
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The build-up and wash-off samples collected were tested for pollutants commonly 
identified in urban stormwater and associated parameters considered important in urban 
stormwater quality analysis.  
 
The deliverables for Stage 1 included the following: 
• pollutant build-up and wash-off profiles for the six primary land uses within the 
Port of Brisbane to be used for water quality model development; 
• recommendations with regards to future stormwater quality monitoring and 
pollution mitigation measures. 
 
The important findings from Stage 1 were: 
• Confirmation that the Port environment is unique in terms of pollutant 
characteristics and is not comparable to typical urban land uses.  
• For most pollutant types, the Port land uses exhibited lower pollutant 
concentrations when compared to typical urban land uses.  
• The pollutant characteristics varied across the different land uses and were not 
consistent in terms of the land use. Hence, the implementation of stereotypical 
structural water quality improvement devices could be of limited value.  
• The <150 µm particle size range was predominant in suspended solids for 
pollutant build-up as well as wash-off. Therefore, if suspended solids are 
targeted as the surrogate parameter for water quality improvement, this specific 
particle size range needs to be removed.  
 
Table 1.2 below provides a summary of the targeted pollutants, concentration ranges for 
the various Port land uses and comparison with typical urban land uses. 
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Table 1.2 – Concentration ranges of targeted pollutants in wash-off for the Port land uses and comparison with typical urban land 
uses 
Pollutant Species 
Port land uses Urban land uses 
PS1 PS2 PS3 PS4 PS5 PS6 Res. Ind. Com. 
Solids 
Suspended 
solids (mg/L) 
total 35-190 95.1-449.5 6.7-34 24.8-110 178.8-880.89 40-150 31-89 26-170 290-910 
dissolved nt nt nt nt nt nt nt 41-67 28-71 
Particle size <150 µm 75.5-100% 59.6-78.9% 77.8-90.94% 78.86-93.4% 72.9-97.5% 49.2-74.3% 50-66% 48.1-87.5% 28.8-96.5% 
Organic 
carbon 
Organic carbon 
(mg/L) 
total 3-19 6.58-22.5 6.73-19 8.98-52 8.82-42 5-16 7-23 4-7 5-14 
dissolved 4-24 5.25-20.5 4.53-15 8.28-48 7.92-36 4.68-16 6-20 4-7 5-12 
Nutrients 
Nitrate (mg/L) 
total 0-0.29 0.02-0.1 0.01-0.3 0.05-0.12 0.16-0.25 0.15-3.9 nd nd nd 
dissolved nt 0.02-0.1 0.01-0.26 0.04-0.1 0.15-0.227 0.13-3.6 nd nd nd 
Kjeldahl 
nitrogen (mg/L) 
total 1.9-8.8 0.9-2.755 0.716-2.1 2.55-8.5 1.6-5.2 2.79-45 1-5 1.8-7.7 2.6-6.3 
dissolved nt 0.74-1.8 0.6-1.75 2.19-5.3 0.83-3.5 1.75-44 1-3 2-7 0.4-1.8 
Total nitrogen 
(mg/L) 
total 1.9-9 0.922-2.755 0.78-2.15 2.69-8.6 1.82-5.4 2.95-46 1-5 1.8-7.7 2.6-6.4 
dissolved nt 0.72-1.8 0.66-1.8 2.11-5.3 1.04-3.7 1.87-45 1-3 2-7 0.4-1.8 
Phosphorus 
(mg/L) 
total 0.46-3.2 0.08-0.253 nd 0.07-0.34 0.1-0.76 0.44-39 nd nd 0.09-0.54 
dissolved 0.42-2.9 nd nd nd nd 0.73-40 nd nd nd 
Heavy 
metals 
Aluminium 
(mg/L) 
total 0.69-4.9 1.6888-7.13 0.39133-0.86 0.49585-2.3 3.33231-20 0.52769-1.9 1.2-2.4 0-8 3.3-23 
dissolved 0.04-0.31 0-0.04675 0.13-0.399 0.04811-0.13 0.019-0.1409 0.02308-0.41 0.43-0.92 0.13-0.4 nd 
Arsenic (mg/L) 
total nd nd nd 0.0004-0.001 0.0021-0.024 0.0015-0.006 nd 0.004-0.004 0.004-0.01 
dissolved nd nd nt nt nt nt nt nt nt 
Cadmium  
(mg/L) 
total 0.0005 0.0005 nd nd 0.0003-0.002 0.0002-0.001 nd 0.0006-0.02 0.001-0.003 
dissolved 0.001-0.001 nd nt nt nt nt nt nt nt 
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Pollutant Species 
Port land uses Urban land uses 
PS1 PS2 PS3 PS4 PS5 PS6 Res. Ind. Com. 
Heavy 
metals 
Chromium 
(mg/L) 
total 0.004-0.02 0.005-0.06 0.002-0.008 0.0023-0.014 0.02792-0.2 0.00414-0.02 nd 0.009-0.1 0.011-0.064 
dissolved 0.0005-0.002 nt nt nt nt nt nt nt nt 
Copper (mg/L) 
total 0.02-0.045 0.012-0.063 0.0044-0.014 0.011-0.166 0.02715-0.13 0.0151-0.075 0.017-0.03 0.029-0.3 0.02-0.14 
dissolved 0.01-0.025 0.004-0.016 0.0018-0.004 0.0078-0.032 0.0043-0.015 0.0044-0.025 0.0055-0.015 0.005-0.011 0.004-0.022 
Mercury (mg/L) 
total nd nd nd nd nd nd 0.000-0.0001 nd 0.0001-0.001 
dissolved nd nd nt nt n n nt nt nt 
Nickel (mg/L) 
total 0.003-0.02 0.0014-0.026 0.0006-0.003 0.0028-0.012 0.0102-0.066 0.005-0.01 nd 0.006-0.067 0.011-0.25 
dissolved 0.001-0.0055 nt nt nt nt nt nt nt nt 
Lead (mg/L) 
total 0.007-0.143 0.007-0.143 0.00104-0.01 0.00125-0.01 0.03257-0.23 0.0095-0.055 nd 0.024-0.12 0.008-0.049 
dissolved 0.003-0.006 nd nd nd nd 0.0036-0.01 nd nd nd 
Zinc (mg/L) 
total 0.27-1.3 0.72-2.7 0.395-1.3 0.24562-1 1.19846-3.4 0.867-1.7824 0.14-0.26 0.38-1.5 0.51-2.1 
dissolved 0.02-0.46 0.037-0.52 0.0256-0.19 0.083-0.63 0.1036-0.625 0.11-0.95 0.032-0.098 0.029-0.54 0.21-0.8 
BTEX  
Benzene, 
Toluene, 
Ethylene, m+o 
Xylene (mg/L) 
For all the samples, the concentrations were below detection 
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Pollutant Species 
Port land uses Urban land uses 
PS1 PS2 PS3 PS4 PS5 PS6 Res. Ind. Com. 
To
ta
l P
et
ro
le
um
 H
yd
ro
ca
rb
on
s 
C6-C9 (mg/L) total 88-190 33-120 26.4-235 26.4-235 106.385-290 12.8-450 25-53 25-31 66-390 
dissolved 110-340 26-140 35.76-230 35.76-230 97.4118-270 174.769-390 26-45 27-41 76-370 
C10-14 (mg/L) total 59-120 52-220 35.48-345 35.48-345 64.1231-260 14-35 79-340 nd nd 
dissolved 59-99 83-130 8.375-170 8.375-170 24.75-180 nd 93-270 nd 120-420 
C15-C28 
(mg/L) 
total 300-1900 160-3500 94.667-1100 94.667-1100 749.85-2700 276.47-1200 130-450 100-160 100-220 
dissolved 160-650 110-1000 27.5-620 27.5-620 254-2200 nd 120-260 nd 110-590 
C29-C36 
(mg/L) 
total 110-2200 170-3300 75.7333-680 75.7333-680 970.46-4000 311.538-905 110-390 120-140 nd 
dissolved 130-400 140-310 24-120 24-120 121.692-810 nd nd nd nd 
Po
ly
cy
cl
ic
 A
ro
m
at
ic
 H
yd
ro
ca
rb
on
s  
Napthalene, 
Acenapthalene, 
Acenapthene, Flourene, 
Phenanthene, Anthracene,  
Flouranthene, Chrysene 
Benzo [a] anthracene, 
Benzo [a] pyrene, Dibnez 
[a,h] anthracene, Pyrene, 2-
methylnapthalene and 
Total PAH 
Other than for a very small number of isolated samples, the concentrations were below detection 
Notes:  
nd not detected  nt not tested  Res. Residential  Ind. Industrial  Com. Commercial 
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Based on the Stage 1 study results, the following recommendations were made: 
• Due to the appreciable variation in pollutant characteristics for different port 
land uses, water quality monitoring stations should preferably be located such 
that source areas can be easily identified.  
• The identified significant pollutants for the different land uses should enable the 
development of a more customised water quality monitoring and testing regime 
targeting the critical pollutants. 
• A ‘one size fits all’ approach may not be appropriate for the different port land 
uses due to the varying pollutant characteristics. As such, pollution mitigation 
will need to be specifically tailored to suit the specific land use. 
• Any structural measures implemented for pollution mitigation to be effective, 
should have the capability to remove suspended solids of size <150 µm. 
 
The outcomes from stage 1 are expected to deliver the following benefits to the Port of 
Brisbane: 
• The availability of Port specific pollutant build-up and wash-off data will enable 
the implementation of customised stormwater pollution mitigation strategies. 
• The water quality data collected would form the baseline data for a Port specific 
water quality model for mitigation and predictive purposes. 
• To be at the cutting-edge in terms of water quality management and 
environmental best practice in the context of port infrastructure. 
 
1.3 Approach to water quality model development (Stage 2) 
The range of field investigations carried out on six port land uses enabled the derivation 
of more realistic pollutant build-up and wash-off parameters. The data generated was 
employed to develop the Port of Brisbane specific water quality model. The field data 
was used for two specific purposes. Firstly, the data was used to generate pollutant 
loading coefficients for the MUSIC water quality model. MUSIC is among the most 
widely used water quality prediction models in Australia. It could be considered as an 
‘industry standard’. However, MUSIC is a lumped time base model which provides 
long term pollutant export characteristics. Secondly, in order to obtain more specific 
estimations of pollutant wash-off using fundamental knowledge on pollutant processes 
obtained from the field investigations, a continuous time base model was also 
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developed. The continuous time base model can be used as the primary tool for decision 
making whilst the MUSIC model can be used as a secondary model for decision 
support.  
 
Process equations were developed from the data obtained from the field investigations. 
In this regard, the outcomes of two doctoral research projects undertaken at Queensland 
University of Technology provided the foundations for the development of the process 
equations (Egodawatta, 2007; Herngren, 2005). These process equations in turn 
provided the basis for the simulations undertaken using the selected models. 
 
1.4 Scope and outline of the report 
This report discusses the second stage of the Port of Brisbane Stormwater Runoff 
Quality Study which consisted of developing a port specific water quality model. It 
essentially consisted of more targeted analysis of data from the initial stage, in order to 
support the objectives of the second stage.  
 
The report as presented consists of a number of chapters. Chapter 1 provides the 
background to the study, overview of the outcomes from Stage 1 and the approach 
adopted for the water quality model development. Chapter 2 provides an evaluation of 
commonly used water quality models and the criteria adopted for the selection of an 
appropriate model/s for the Port. The modelling approach implemented is discussed in 
Chapter 3. It also includes the procedures for the derivation of model input parameters 
and boundary conditions. The detailed analysis undertaken and the recommendations 
for modelling is provided in Chapter 4. This Chapter also includes the analysis 
undertaken of the solids and other pollutants wash-off from Port land uses and the 
determination of event mean concentrations. Chapter 5 gives the conclusions from the 
study and recommendations for further investigations are provided in Chapter 6. The 
detailed data analysis undertaken is given in a series of appendices. 
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2. WATER QUALITY MODEL EVALUATION 
2.1 Fundamental concepts 
Modelling is one of the most effective methods for gathering information for decision 
making. However, it is important to note that the models are always bound to accuracy 
and reliability limitations depending on the underlying boundary conditions, modelling 
concepts and the mathematical replication of the inherent natural processes. The factors 
that govern the accuracy and the reliability of the information that can be generated 
from a modelling exercise are primarily dependent on: 
• the capability and characteristics of the model; 
• the quality, applicability and the spatial scale of the input data; and 
• experience and expertise of the user. 
 
However, it is also important to bear in mind that the selection of the most appropriate 
model does not necessarily imply the use of the most technically advanced or the most 
technically rigourous model. The overriding criteria for model selection should be: 
• the end use of the modelling outcomes; 
• the ability to provide the desired outcomes to the required degree of accuracy;  
• the ability of the available input data to support the model requirements. 
 
The selection of an appropriate model is one of the most important tasks in hydrologic, 
hydraulic or water quality modelling. It entails the establishment of a set of primary 
criteria for the selection of water quality modelling software. As part of the model 
selection process, the availability of pollutant build-up and wash-off data for different 
land uses within the Port and the spatial scale of the data generated in Stage 1 of the 
project was a critical consideration. 
 
2.2 Model selection criteria 
The selection of the continuous time base model was based on a number of 
predetermined criteria. Primarily, the software needed to be a commercially available, 
singly formulated model or a suite of hydrologic, hydraulic and water quality 
components from different modelling approaches. The additional criteria for the 
selection of the model or model components are listed in Table 2.1 below. These criteria 
were developed in the context of ensuring that the selected model had industry wide 
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acceptance, sound scientific basis in model formulation and the ability to deliver the 
required outputs. 
 
Table 2.1 – Criteria for model selection 
Criteria Description 
Model 
formulation 
• The hydrologic component should be founded on a conceptually 
based modelling approach such as the time area method or 
reservoir routing method 
• The hydraulic component should be founded on a pipe and channel 
flow routing method such as the Muskingum method. In this 
context dynamic flow routing was not considered as an advantage.  
• The water quality component should have the ability for continuous 
simulation of pollutant build-up and wash-off.  
Model 
parameters  
• Model parameters should have physical meaning. 
• Model parameters should be able to be obtained from the available 
data or from calibration processes. 
Use of 
available 
data 
• The model/s should be able to simulate pollutant build-up and 
wash-off using available data such as catchment and land use 
characteristics, drainage network information, rainfall and discrete 
measurements of pollutant build-up and wash-off for different land 
uses. 
• Replication equations are to be developed based on the build-up 
and wash-off investigations conducted on the different land uses. It 
should be possible to incorporate these equations in the water 
quality modelling. 
Additional 
attributes 
• Model/s should be able to simulate stormwater treatment devices 
such as swales. 
• If a single model is unable to satisfy all of the selection criteria, a 
suite of model components will be used. In this case, each 
component should be compatible to each other to ensure 
integration.  
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Criteria Description 
Output • Continuous simulation of hydrologic, hydraulic and water quality 
components was considered to be desirable. 
• Outputs should be in time series format.  
• Water quality simulation should provide both the concentrations 
and pollutant loads.  
Acceptance Selected model/s should be widely accepted within the industry. 
User 
friendliness 
Selected model/s and the continuous simulation procedure should be 
user friendly. 
 
2.3 Evaluation of models 
Based on the review of published literature, four models were evaluated against the 
predetermined criteria outlined in Table 2.1 above. These models were: 
1. MUSIC 
2. MOUSE 
3. SWIMM 
4. HSPF 
 
All these models are well reputed for hydrologic, hydraulic and/or water quality 
simulations and are commonly used in Australia. However, each of them contain unique 
characteristics that make them particularly suitable for a specific set of tasks.  
 
2.3.1 MUSIC 
MUSIC stands for ‘Model for Urban Stormwater Improvement Conceptualisation’. 
From the developer’s perspective, it is a model that can simulate both the quantity and 
quality of urban stormwater runoff. The range of applicability of the model can range 
from a single house block to many square kilometres. Furthermore, MUSIC is capable 
of evaluating the effectiveness of various treatment devices that are provided in an 
urban development for quality and quantity treatment of stormwater runoff. This 
capability is primarily helpful to users to evaluate the appropriateness of the treatment 
train provided for stormwater impact mitigation. MUSIC has been developed to 
undertake simulations on an event basis or continuous basis, thus providing an 
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evaluation of the effectiveness of the treatment devices in achieving short or long term 
goals (MUSIC, 2005). 
 
However, MUSIC is not a detailed simulation tool that contains algorithms necessary to 
simulate pollutant processes or treatment processes in depth. Therefore, MUSIC should 
be viewed only as an aid for decision making at a conceptual level. Furthermore, 
MUSIC is not a comprehensive tool that can be used in isolation for decision making in 
water sensitive urban design as some important functions such as hydraulic analysis of 
stormwater flow are not included in the current version (MUSIC, 2005). It needs to be 
used in conjunction and to complement other water engineering models. 
 
The fundamental architecture of MUSIC consists of a rainfall-runoff model and a water 
quality model. The algorithm adopted to simulate rainfall and runoff is based on the 
simplified modelling approach described in Chiew and McMahon (1999). Their model 
is based on catchment water balance and was initially developed as a daily runoff 
model. It has since been refined to enable disaggregation of the generated daily runoff 
into temporal patterns. The default parameter values adopted for the disaggregation of 
the rainfall-runoff model in MUSIC are from model calibration studies undertaken in a 
few catchments from Melbourne and Brisbane (MUSIC, 2005). 
 
The water quality model incorporated in MUSIC consists of two fundamental 
simulation algorithms; source node and treatment node. Source node primarily estimates 
the quality of stormwater originating from different urban land uses. The estimations are 
based on the outcomes of the analyses conducted by Duncan (1999) of published data 
on the quality of stormwater originating from a range of urban catchments. He noted 
that the event mean concentrations (EMCs) of most of the pollutant constituents such as 
total suspended solids (TSS), total phosphorus (TP) and total nitrogen (TN) are near 
log-normal distributions. Consequently, the means of the log-normal distributions have 
been adopted as the default parameters in the water quality model. Scaled down version 
of the standard deviations has been used as the default parameters for MUSIC source 
nodes.  
 
Based on the above observations, it can be concluded that the use of default parameters 
when the catchment characteristics such as land use is different to the original 
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calibration catchments could lead to errors in estimation. Though the MUSIC technical 
documentation advises the use of suitable parameters to reflect true catchment 
conditions in model specification, the methodology that should adopted to obtain the 
required parameters to replicate the specific catchment conditions is not available. As 
the Stage 1 of the study confirmed, in the context of stormwater quality, the Port land 
uses are fundamentally different to common urban land uses as described in Duncan 
(1999), as well as to any other urban land uses where MUSIC was successfully 
simulated. The MUSIC developers have recommended conducting independent model 
calibration studies or other investigations to generate appropriate pollutant loading 
parameters in such situations (MUSIC, 2005). 
 
In the model, the treatment nodes primarily replicate the treatment actions of grass 
swales, wetlands, ponds and infiltration systems. The removal of pollutants by these 
treatment devices encompasses physical, chemical and biological processes (MUSIC 
2005). However, the model assumes that the physical processes of treatment are the 
most dominant. This is based on the hypothesis that physical processes such as 
detention and entrapment during infiltration are the principal mechanisms that intercept 
pollutants (Wong et al., 2001). Hence, a unified model referred to as the ‘universal 
stormwater treatment model (USTM)’ is employed as the fundamental algorithm in 
simulating stormwater treatment. USTM is primarily a serially connected set of 
‘continuously stirred tank reactors’. The treatment action in each reactor can be 
represented using a first order kinetic model in the form of Equation 2.1 as given below: 
     Equation 2.1 
 
Where: 
Cin and Cout – concentration in inflow and outflow 
C* – background concentration  
K – exponential decay rate constant 
 
The use of USTM to represent the various treatment devices is justified by verifying the 
performances of the MUSIC model against data from a range of field experiments. The 
experiments were primarily conducted in Melbourne and Brisbane areas. However, the 
methodology adopted during these experiments show inherent shortcomings. For 
example, the study conducted at Pinjarra Hills in Brisbane generated reliable data only 
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for TSS and the data for other pollutants was not reliable. Furthermore, the simulation 
of treatment actions could lead to significant error where the chemical and biological 
treatment processes are dominant. Also, the performance of some of treatment devices 
such as filtration systems cannot be accurately simulated using USTM (Sivakumar, 
1980; Wong et al., 2001). 
 
Also, as noted by Wong et al. (2001), characteristics of the pollutants such as pollutant 
type and particle size distribution are among the most critical factors that influence the 
performance of typical treatment trains. The particle size distribution has added 
importance as the model only simulates the physical processes of pollutant removal. 
Consequently, it is important to ensure that the particle size distribution of the pollutants 
is appropriately replicated in the modelling process. As specified by the model 
development team, the MUSIC model is recommended only for the analysis of nutrients 
and suspended solids. Model applicability for other pollutants such as heavy metals and 
hydrocarbons is not known. Consequently, this can be a significant constraint to the use 
of the model, if heavy metals and hydrocarbons are of concern.  
 
2.3.2 MOUSE 
MOUSE is an advanced and integrated surface runoff, open channel flow, pipe flow and 
water quality modelling package for urban drainage systems (MOUSE, 2004a, b). It is a 
combination of mathematical modelling procedures developed for hydrologic, 
hydraulic, and water quality simulations. Table 2.2 lists the range of conceptual 
modelling approaches embedded within MOUSE for the different simulations that can 
be undertaken. Each of these modelling approaches have their inherent advantages in 
being able to simulate the different catchment scenarios and thus add varying levels of 
complexities and accuracies to the outcome. This in turn allows the user to choose from 
a range of options to best suit the catchment scenario that needs to be modelled 
(MOUSE, 2004a).  
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Table 2.2 – In-built mathematical routines in MOUSE 
(MOUSE, 2004a) 
Hydrologic 
routines 
Hydraulic 
routines 
Pollutant 
generation 
Water quality routing 
procedure 
Time area 
method 
Dynamic wave 
method 
Build-up and 
wash-off processes 
Advection and 
dispersion  
Kinematic wave 
analysis method 
Diffusive wave 
method 
Gully pot model Sediment transport 
processes 
Linear reservoir 
method 
Kinematic wave 
method 
 Dissolved pollutant 
routing with pollutant 
decay 
 
Most importantly, MOUSE provides a highly efficient and robust platform for these 
routines to operate with the same input data and to link each type of routine as a chain 
of action. Typically, the model simulates in fine time steps (1 minute) and the user has 
the ability to change the simulation and the time step for saving the modelling results. 
The model parameters required are based on the catchment conditions or obtained by 
calibration. The data required for model setup are typically derived from catchment 
maps and from drainage network details. However, the required data and data format 
can be relatively complex (MOUSE 2004a, b). 
 
MOUSE requires three categories of input data for simulations. These are network, 
catchment and boundary data. Each input data file is linked to a ‘project’ file which is a 
dynamic file that updates information as each file is modified. Figure 2.1 illustrates the 
routine for linking each file and the sequence of simulations.  
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Figure 2.1 – File structure and simulation sequence in MOUSE 
(MOUSE, 2004 a, b) 
 
Network inputs required are primarily of two types; nodes and links. Nodal information 
is spatial location, dimension and elevation of nodal structures such as access chambers, 
basins and outlets. These nodal structures are connected by links which are primarily 
pipes and channels. The primary link inputs are type of link, its hydraulic properties 
such as roughness and information on upstream and downstream nodes.  
 
Catchment inputs primarily consist of catchment area and the node to which the 
catchment drains. The catchment should drain to a pre-defined node from nodal inputs. 
The same catchment input dialog box is used to define the hydrologic parameters. 
Separate windows are available to define variables for different hydrologic routines.  
 
Inputs Simulations Outputs 
Rainfall Records 
Catchment 
Properties 
Runoff hydrographs 
and pollutographs 
for each sub-
division 
Simulation 1 
Hydrologic and surface 
pollutant simulation 
Outlet Water 
Level 
Network Data 
• Nodes 
• Links 
Runoff Hydrograph 
and pollutograph at 
catchment outlet 
Simulation 2 
Hydraulic and Advection 
dispersion and / sediment 
transport Simulation 
Pollutant build-
up and wash-off 
data 
Sediment 
transport and/or 
Advection –
dispersion 
information 
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Two types of boundary inputs are used in MOUSE; rainfall boundary and water level 
boundary. Details of the rainfall event in the form of an intensity time series need to be 
inserted as a rainfall boundary. There are options to insert several time series for 
different rain gauges and to use distributed rainfall patterns for simulations. The time 
series for the catchment outlet water level is used as a water level boundary. This is 
used to calculate the back-water curve when limited drainage facilities are available at 
the catchment outlet.   
 
Water quality simulation in MOUSE is primarily incorporated in a separate model 
component called TRAP. TRAP consists of four major components; surface runoff 
quality (SRQ), advection – dispersion (AD), sediment transport (ST) and water quality 
(WQ). Two of them, which primarily deal with pipe sediment transport (ST) and 
dissolved water quality decay (WQ) are not included in this review. The other two 
components; SRQ and AD are discussed as they are the most relevant in the context of a 
Port of Brisbane water quality model (MOUSE TRAP, 2004a).  
 
SRQ primarily simulates the quality of surface runoff. It consists of three primary 
modelling components to describe pollutant build-up, wash-off and to route the 
subsequent wash-off of pollutants by overland flow. Pollutant build-up on catchment 
surfaces can be replicated using an exponential build-up function. The build-up function 
is defined in the form given in Equation 2.2 below: 
MDA
dt
dM
remc −=    Equation 2.2 
 
Where: 
M – Accumulated mass of pollutant at t days 
t – Time in days 
Ac – Daily accumulation rate 
Drem – Removal coefficient 
(MOUSE TRAP, 2004b) 
 
The daily accumulation rate and the maximum possible build-up are the primary 
information required for build-up modelling. Reasonable estimates of these values can 
be derived from the build-up investigations conducted at the Port of Brisbane sites.  
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Pollutant wash-off from catchment surfaces is assumed to vary with rainfall intensity 
and the pollutant detachment rate. The wash-off equation used in SRQ is in the format 
given in Equation 2.3 below: 
s
e
d
r
rsr ALWi
iDV )1( ε−





=   Equation 2.3 
 
Where: 
Vsr – Sediment volume detached per unit time 
Dr – Detachment coefficient 
ir – Rainfall intensity 
id – Rainfall intensity constant (25mm/hr) 
e – Exponent 
L – Length of the catchment 
W – Width of the catchment 
ε – Porosity of the sediment 
As – Fraction of surface area covered with sediment 
(MOUSE TRAP, 2004b) 
 
Though the wash-off equation involves a range of parameters, only limited user 
specified information is required to setup the model. Values for most of the other 
parameters included in Equation 2.3 are default values (MOUSE TRAP, 2004b). 
 
SRQ routes the pollutants wash-off to the specified node using the same routing option 
used for runoff routing. It is the Time Area Method which is best suited to route 
impervious overland flow (MOUSE TRAP, 2004b).  
 
The advection – dispersion (AD) component is the best available routine in MOUSE to 
route pollutants through pipe and channel networks in urban drainage systems. This is 
due to the fact that pollutants are commonly in the form of fine sediments and the 
relatively high velocities in urban drainage systems tend keep these fine sediments in 
suspension. Though dispersion is mentioned, it is most likely that the influence of 
dispersion is minimal in pollutant transport through drainage pipes (MOUSE TRAP, 
2004b).  
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Though, MOUSE is capable of estimating pollutant concentrations from urban 
catchments, it appears to have limited capability to simulate stormwater quality 
treatment devices such as grass swales and wetlands which are common in water 
sensitive urban design practice. Therefore, if MOUSE were to be used as the primary 
model for water quality simulations, it may be necessary to model treatment devices 
using other software or to incorporate additional capability into the software.  
 
2.3.3 SWMM 
SWMM stands for Stormwater Management Model and was developed by the US EPA. 
Various versions of this model are available through private software vendors who have 
incorporated the simulation engine within a more user-friendly graphical user interface 
(for example XPSWMM, 2008).  
 
SWMM is a dynamic rainfall runoff simulation model that can be used for single event 
simulations and for long term (continuous) simulations. SWMM is capable of 
simulating both quality and quantity of runoff to provide the resulting flow rate, water 
depth, and water quality at the outlet. The model primarily consists of four components: 
atmospheric component, land surface component, groundwater component and transport 
component. The atmospheric component primarily simulates rainfall and atmospheric 
depositions of pollutants. The land surface component receives rainfall from the 
atmospheric component and provides the resulting surface runoff and pollutant loading 
to the transport component. The groundwater component simulates the infiltration of 
precipitated water and related subsurface processes. In cases where groundwater 
processes are not important, it is possible to remove this component from the main 
model. The transport component contains network conveyance elements such as 
channels, pipes and regulators and storage/treatment devices that transport water to the 
catchment outlet (Rossman, 2004).  
 
SWMM takes into account the partial and temporal variability of rainfall and catchment 
characteristics. Variability of rainfall is primarily catered for by simulating rain in fine 
time steps and setting a series of rain gauges for each sub division of the catchment. 
Variability of catchment characteristics is typically catered for by dividing the 
catchment into a series of sub catchments. It is advised to make these divisions based on 
topography, surface type and land use characteristics. Using this approach, it is possible 
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to allocate characteristics such as, infiltration, depression storages, pollutant build-up 
and wash-off into each subdivision effectively (Rossman, 2004). 
 
The conceptual view of the surface runoff modelling approach adopted by SWMM is 
illustrated in Figure 2.2. Catchment surfaces are assumed to be nonlinear storage 
reservoirs with capacity equivalent to the total depression storage. Other losses such as 
infiltration and evaporation are simulated using conventional equations such as the 
Horton’s infiltration equation. The outflow from the reservoir is calculated using 
Manning’s equation. The flow depth required for the Manning’s equation is determined 
considering the water balance in the reservoir. Both, impervious and pervious surfaces 
on the catchment are simulated separately considering different depression storages and 
loss models (Rossman, 2004). 
 
 
Figure 2.2 – SWMM conceptual model for runoff calculations 
(Rossman 2004) 
 
SWMM can simulate the generation, inflow and transport of any number of pollutants 
based on user defined set of equations. Furthermore, SWMM is able to simulate the 
characteristics of co-pollutants which are pollutants adsorbed to another pollutants such 
as suspended solids. The generation of pollutants is simulated using build-up and wash-
off equations. The build-up and wash-off are determined by the land use assigned 
during catchment setup. The land use types considered are commercial, residential, 
industrial and undeveloped lands. Land surface characteristics can include roof surfaces, 
roads, lawns and undisturbed soil (Rossman 2004).  
 
Pollutant build-up is considered to be a function of the preceding antecedent dry days. 
Build-up can be simulated using several mathematical functions such as a power 
function and exponential function. Pollutant wash-off from each surface type can be 
modelled using mathematical equations such as an exponential equation or rating curve 
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equation. Coefficients for these functions can be obtained from model calibration or 
field studies (Rossman, 2004). 
 
Runoff-routing through the channels and pipes can be simulated using three methods. 
Steady flow routing is the simplest method available where the inflow hydrograph is 
translated to the outlet with no delay and change of shape. Kinematic wave routing 
method solves the continuity and momentum equations to generate water depth and 
flow at each time step. This method takes into account both the spatial and temporal 
variation of flow within a conduit. Dynamic wave routing method is a theoretical 
approach for solving flow and water depth with high accuracy. This method also takes 
into consideration storages within conduits other than the spatial and temporal variation 
of flow (Rossman, 2004). 
 
For the purpose of transporting pollutants generated on catchment surfaces to the outlet, 
catchment storage reservoirs and the drainage conduits are assumed to be continuously 
stirred tank reactors (CSTR). This accounts for the decay and mixing of pollutant loads 
during the transport. A similar approach can be used to simulate pollutant removal from 
storages and treatment devices such as swales and wetlands (Rossman, 2004).   
 
2.3.4 HSPF 
HSPF stands for Hydrological simulation program – FORTRAN. It is a continuous 
simulation model for the simulation of catchment hydrology and water quality. The 
model has been primarily developed for medium to large catchments where catchment 
characteristics can be lumped (US EPA, 2008).  
 
HSPF incorporates the watershed-scale ARM and NPS models into a basin-scale 
analysis framework that includes fate and transport in one dimensional stream channels. 
It is a comprehensive model of watershed hydrology and water quality that allows the 
integrated simulation of land and soil contaminant runoff processes with in-stream 
hydraulic and sediment-chemical interactions. The result of this simulation is a time 
history of the runoff flow rate, sediment load, and nutrients and other pollutant 
concentrations, along with a time history of water quantity and quality at any point in a 
watershed. HSPF simulates three sediment types (sand, silt, and clay) in addition to  
single organic chemical and transformation products of that chemical (US EPA, 2008). 
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HSPF is capable of simulating pollutant generation from both pervious and impervious 
surfaces. Typical soil erosion equations are used for the generation of pollutants from 
pervious surfaces. For impervious surfaces, pollutant accumulation is considered as 
linear with antecedent dry days. However, the increase in pollutant accumulation is 
constrained depending on the user preference. For a given daily rainfall amount, the 
pollutant transport capacity of the rain is calculated based on the runoff volume. 
Pollutant wash-off is calculated by multiplying the lesser of pollutant transport capacity 
or accumulated volume by the total runoff to total rainfall ratio. This approach for 
determining pollutant generation from impervious surfaces was initially developed in 
the 1960s. Unfortunately, more recent research knowledge on pollutant build-up and 
wash-off are not necessarily incorporated in the model. Additionally, the degradation of 
pollutants during transport and storage is only partly simulated (Bicknell et al., 1997). 
 
HSPF being a comprehensive modelling package, hydrologic processes are simulated in 
detail. This approach requires long term data such as rainfall, temperature, evaporation 
wind speed and direction, for simulations. The results of the simulations are a time 
history of flow rate, sediment load and nutrients and other organic pollutant 
concentrations (Bicknell et al., 1997; US EPA, 2008). 
 
2.4. Summary 
The models selected for the review are widely used with capability to model both 
hydrologic and water quality parameters. The review primarily focussed on technical 
capabilities, data requirements and outputs. The conclusions from the review can be 
summarised as follows:  
 
MUSIC 
• Widely used in Australia and frequently updated based on new knowledge 
created through research.  
• Lumped catchment and land use characteristics are used for modelling.  
• Water balance model is used as a hydrologic model.  
• Pollutant generation from a catchment is based on default parameters developed 
from catchment scale studies.  
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• Default parameters are available only for a limited number of conventional 
urban land uses. Additional investigations are required in order to develop 
parameters for land uses with specific anthropogenic activities which are outside 
the realm of conventional urban land uses.  
• Primarily used as a decision support tool.  
• Detailed simulation of pollutant transport and treatment processes is not 
available. 
 
MOUSE 
• Range of hydrologic, hydraulic and water quality simulation tools are available 
for urban land use scenarios.  
• Hydrologic, hydraulic and water quality modelling components are based on 
physically based concepts.  
• Pollutant build-up on impervious surfaces is replicated as a linear or exponential 
function varying with antecedent dry days. Pollutant wash-off is replicated using 
an exponential function varying with rainfall intensity. 
• The ability to simulate the performance of stormwater quality treatment devices 
is limited.  
• The model is updated frequently as new research knowledge becomes available.  
 
SWMM 
• Comprehensive modelling package for hydrologic, hydraulic and water quality 
simulations. 
• However, limited conceptual simulation routines are available for urban land use 
scenarios. 
• Hydrologic simulations are based on storage reservoir routines.  
• Pollutant build-up is determined using either power or exponential equations and 
an exponential equation is employed for determining pollutant wash-off for 
simulating pollutant generation. 
• Simulation of stormwater quality treatment structures is possible.  
• Commercial versions of the software are available with improved user-friendly 
interfaces.  
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HSPF 
• Comprehensive package for hydrologic and water quality simulations.  
• However, its primarily use is for large catchments.  
• Though continuous simulation procedures are available these are in broad time 
steps.  
• Simple forms of pollutant build-up and wash-off equations are used. More recent 
knowledge on pollutant processes is not incorporated.  
• No recent updates are available.  
 
Conclusion 
Each of the models evaluated above has its advantages and limitations in the context of 
the required application. Based on the assessment of the key technical capabilities of the 
models, it was concluded that either MOUSE or SWMM software would be appropriate 
for developing the Port of Brisbane specific water quality model. Unfortunately, the 
lack of ability in MOUSE to simulate the performance of stormwater quality treatment 
devices is an issue. An alternative option was the use of SWMM. However, the SWMM 
model software in its original version is difficult to use as it is not particularly user-
friendly.  
 
Therefore, the SWMM model embedded in a more user-friendly software platform was 
considered as the preferred option. Consequently, the use of the SWMM module 
embedded in Mike URBAN software (Mike URBAN, 2009) was the selected approach 
as it has a user-friendly interface as well as due to the GIS support-base available.  
 
Also, it was considered necessary to verify the outcomes of the proposed modelling 
approach using an industry accepted modelling tool. In this regard, the MUSIC model 
was considered to be the most suitable due to its general acceptance and widespread use 
as a decision support tool by industry and regulators, thus providing a useful adjunct to 
the decision-making process. 
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3. STORMWATER QUALITY MODELLING 
3.1 Modelling approach 
As highlighted in Section 1.2, Port land uses are unique in terms of the anthropogenic 
activities occurring on them. This uniqueness results in distinctive stormwater quality 
characteristics different to other conventional urban land uses. Therefore, it is not 
appropriate to consider the Port as belonging to a single land use category or to consider 
as being similar to any typical urban land use. However, in conventional stormwater 
quality modelling, all the different Port land uses are typically combined and considered 
as equivalent to industrial land use, which is a typical urban land use.  
 
Port land uses generate appreciable loads of stormwater pollutants and hence, mitigation 
of the impacts created by these pollutant loads is important. Based on the geographical 
and unique drainage characteristics of the Port, targeted mitigation is more effective 
rather than lumped and end of pipe treatment measures. A strategy for targeted 
mitigation can only be developed with the proper assessment of the pollutant generation 
potential of the different Port land uses. 
 
Typical amounts of pollutants generated by different land uses are assessed primarily by 
analysing the water quality from catchment outlets. This requires in-depth monitoring of 
runoff and water quality data. Due to the complex nature of the Port drainage network, 
such monitoring to obtain a comprehensive set of data is difficult and resource 
intensive. Therefore, a methodology which did not depend on event monitoring was 
required to evaluate the Port land uses using the data generated from the Stage 1 of the 
study providing the required baseline information.  
 
In this regard, a methodology to extrapolate small-plot pollutant processes to catchment 
scale was considered to be the most appropriate (Egodawatta, 2007). In this 
methodology, mathematical equations to replicate pollutant build-up and wash-off 
processes were developed for the different Port land uses. The pollutant processes were 
then replicated to generate knowledge on water quality at the catchment outlets. This 
approach is not only scientifically valid but also free from potential errors that can result 
in event monitoring due to the heterogeneity of catchment surfaces.  
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The overall methodology adopted to obtain annual average pollutant loadings from 
different Port land uses and to generate source nodes for MUSIC modelling is 
summarised below: 
• In-depth field investigations were carried out to investigate build-up and wash-
off of solids from six different Port land uses (Stage 1). Data from these 
investigations were analysed to understand the characteristics of solids build-up 
and wash-off for these land uses.  
 
• The understanding obtained on pollutant build-up and wash-off processes were 
used to develop coefficients for the build-up and wash-off mathematical 
replication equations. In this regard, the format of the replication equations 
developed by Egodawatta (2007) was used as the basis.  
 
• Coefficients for the replication equations were developed assuming that the 
changes in the land use only changes the loadings and concentrations of 
pollutants, but not the fundamental process kinetics.  
 
• A popular and versatile modelling tool was selected to simulate pollutant build-
up and wash-off processes. The selected modelling tool was SWMM which is 
simulated in the Mike URBAN platform (Mike URBAN, 2009). Selection of 
this model was based on an extensive literature review on modelling tools. A 
detailed review of the software is provided in Section 2.3.3.  
 
• The selected modelling tool was used to simulate a typical drainage area in the 
Port of Brisbane for hydrologic, hydraulic and water quality processes. The 
objective was to then use the coefficients and loadings derived from the build-up 
and wash-off equations to model the other land uses investigated in Stage 1 of 
the study. In this regard, it was assumed that the water quality does not vary with 
the changes in the drainage network.  
 
• Container Storage (PS2) area was selected as the typical drainage area. The 
drainage network includes a limited pipe network with significantly large 
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impervious catchment surfaces where sheet flow becomes the primary drainage 
characteristic on the catchment surface.  
 
• The coefficients derived based on the field investigations and from the work of 
Egodawatta (2007) were then converted to suit the unit system and equation 
format used in SWMM.  
 
• The computer model was initially simulated using the Container Storage (PS2) 
area land use data for all the significant rainfall events for 1999, 2004 and 2005. 
These years were selected as a representative set of years for simulations based 
on the annual rainfall depths and the number of wet days per year. For the 
selection of these years, rainfall records from 1950 to 2007 at the Brisbane 
Aerodrome Pluviograph Station were analysed. The variation of total annual 
rainfall depth and number of wet days from 1950 to 2007 is shown in Appendix 
A, Figure A.1.  
 
• Altogether, 146 events were simulated for the Container Storage area. These 146 
events belong to a spectrum of rainfall events ranging from 5 to 102mm rainfall 
depth. Considering the repetitive nature of this task and the generation of 
overlapping data, it was decided to select a set of ten representative storm events 
to be used for the simulation of the other land uses. The selection of the 
representative ten events was done by analysing the water quality responses for 
all the simulated events at the Container Storage area (Refer to Figure 4.1). 
 
• The computer model was then simulated for the selected set of ten rainfall 
events by varying the land use data. Variation of land use was replicated by 
changing coefficients for build-up and wash-off.   
 
• Model simulations were only carried out for suspended solids. Outcomes of the 
model simulations were further analysed to develop annual pollutant loads and 
to understand the statistical distributions of Event Mean Concentrations (EMC).  
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• Suspended solids were assumed to be surrogates for the other pollutants of 
interest. Based on this assumption, surrogate relationships were developed 
between solids concentrations and concentrations of other pollutants. These 
relationships were then used to predict annual pollutant loads and statistical 
variations of EMCs. 
 
• Statistical variations developed for suspended solids and other pollutant types 
were compared with the default parameters used in MUSIC modelling. 
Recommendations are provided for incorporating changes to the default MUSIC 
parameters based on the results of the comparisons. 
 
3.2 Model setup and simulation 
3.2.1 Model characteristics 
Mike URBAN is a sophisticated modelling platform for a range of water related 
modelling tools. It provides a user-friendly work environment. SWMM is one of the 
most widely used hydrologic and water quality modelling tool that is merged into Mike 
URBAN. SWMM is capable of simulating hydrologic, hydraulic and water quality 
processes using physically-based and dynamic equations.  
 
Furthermore, the fundamental equation formats in SWMM support the understanding 
generated on pollutant build-up and wash-off processes on Port land uses. This fact was 
critical in model selection, where simulation of build-up and wash-off processes of the 
observed pattern was important.  
 
3.2.2 Hydrologic input parameters 
In stormwater quality modelling, accurate representation of catchment hydrologic 
characteristics is vitally important. The hydrologic component of stormwater quality 
modelling primarily converts rainfall into runoff based on the catchment and drainage 
characteristics. Catchment characteristics are parameters such as catchment area and 
impervious surface percentage and coefficient/s that define hydrologic processes such as 
infiltration and interception.  
 
In the study, base data on catchment characteristics were obtained from maps and aerial 
photographs which were supplied by Port of Brisbane Corporation. Most of the data 
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were in electronic format. The data also included the drainage network information 
required for the development of the SWMM model. Figure 3.1 shows the plan view of 
the developed model. An example of the input of catchment characteristics into the 
model is shown in Figure 3.2. The baseline catchment characteristics input to SWMM 
are typical to all the Port land uses where most of the surfaces are impervious with 
relatively flat terrain.  
 
Replication of initial and continuing losses which occur due to hydrologic processes 
such as infiltration and interception are important components in hydrologic modelling. 
Since a high fraction of Port land uses are impervious, only initial losses were 
considered. This was based on the assumption that no infiltration occurs from 
impervious surfaces after the filling of surface depressions. The depression storage was 
calculated using the information generated during rainfall the simulations (Stage 1). In 
the rainfall simulations, the average loss in the initial portion of the simulation was 
considered as the depression storage loss. 
 
 
Figure 3.1 – Catchment model for Container Storage area 
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Figure 3.2 – Hydrologic input parameters 
 
The losses obtained for the different land use types are given in Table 3.1. As evident in 
Table 3.1, the losses derived for the Port land uses are significantly high compared to 
values used for typical impervious surfaces in urban land uses. This could be attributed 
to the high permeability of the underlying sandy sub layer in the Port area and 
infiltration through pavement cracks, the rough surface texture created by heavy usage 
and land settlement. Furthermore, the flat terrain of the impervious surfaces can also be 
a factor which can lead to the temporary stagnation of rainwater.  
 
The lowest initial loss value is for the Quay line (PS4) which is a concrete surface. The 
highest initial loss is for the Inter-modal Operations area (PS5) where interlocking 
pavers can infiltrate a significant portion of runoff into the sub layer through the gaps 
between pavers. Presence of gaps may lead to continuous losses in the PS5 surface. 
Unfortunately, the model formulation does not allow continuing losses from impervious 
surfaces. Therefore, in this study, the total loss of rainfall was considered to occur due 
to initial losses. Initial losses for other sites (Asphalt) are at a moderate level.  
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Table 3.1 – Initial losses for different surface types 
Site ID Land use Surface type Initial loss (mm) 
PS1 Vehicle marshalling area Asphalt 5 
PS2 Container storage facility Asphalt 5 
PS3 Container terminal Asphalt 6 
PS4 Quay line Concrete 3 
PS5 Inter-modal operations Inter-lock pavers 7 
PS6 Roadway Asphalt 6 
 
3.2.3 Water quality input parameters 
In the SWMM model, simulation of water quality is done parallel to hydrologic and 
hydraulic simulations. The water quality simulation module estimates the load of 
pollutants washed-off in any given time step. The pollutant load is then divided by the 
runoff generated within that time step, to convert to concentration.  
 
Accurate simulation of water quality requires appropriate representation of the wash-off 
process. As commonly understood, pollutant wash-off load is always a function of 
pollutant load available on the surface prior to a rain event. This amount is calculated by 
replicating the pollutant build-up process.  
 
Pollutant Build-Up 
As commonly accepted, pollutant build-up on an imperious surface is primarily a 
function of the antecedent dry days. As noted by numerous researchers, build-up is a 
decreasing rate increasing function (for example Ball et al., 1998; Sartor and Boyd, 
1972). This function can be replicated using a range of mathematical forms. However, a 
power function is considered as the most suitable to replicate pollutant build-up on 
impervious surfaces under Australian conditions (Ball et al., 1998; Egodawatta, 2007). 
SWMM is capable of simulating pollutant build-up in the form of a power function. The 
function used in SWMM is as follows:  
B = C1, C2 DC3     Equation 3.1 
 
Where: 
B – Build-up load after D days (g) 
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D – Antecedent dry days 
C1 – Maximum possible build-up 
C2 & C3 – Build-up coefficients 
(SWMM, 2009) 
 
As explained by Egodawatta (2007), build-up exponent (C3) represents the rate at which 
the pollutants accumulate on impervious surfaces during the initial period of build-up. 
C3 varies with the nature and extent of anthropogenic activities on the surfaces and the 
pollutant re-distribution capacity. Egodawatta (2007) has noted that the parameter C3 is 
sensitive only to significant variations in build-up rates. He recommended the use of a 
constant value for road surfaces in residential land uses. Since the build-up loads 
observed on Port land uses are in same order as an urban residential land use, the 
coefficient value (0.16 ) used by Egodawatta (2007) was also adopted for this study. 
 
The build-up coefficient C2 relates to the asymptoting maximum build-up on a given 
surface. This is primarily related to the pollutant holding capacity of a particular surface 
which is influenced by surface texture. Since surface texture is a variable for the 
selected six land uses and also not consistent with the sites described by Egodawatta 
(2007), values for C2 were estimated. Values for C2 were selected by adjusting Equation 
3.1 to result in the measured amount of build-up load matching with the appropriate 
antecedent dry days. For example, a build-up load of 5.801g/m2 was recorded at the 
Container Storage area (PS2) after an antecedent dry period of 19 days. Based on this, 
C2 was calculated as 3.62 (g/m2). 
 
Calculated build-up coefficients for different land uses were in metric units. These 
coefficients were required to be converted to the specific unit structure adopted in the 
SWMM computer model. As indicated in SWMM (2009), C1 is the upper cut-off range 
for pollutant build-up. This was assumed to be the value equivalent to 21 day pollutant 
build-up (Egodawatta, 2007). The build-up coefficients that were derived based on field 
measurements and converted to SWMM unit structure are shown in Table 3.2. 
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Table 3.2 – SWMM Build-up Coefficients 
Site ID Land use Build-up coefficients 
C1 C2 C3 
PS1 Vehicle marshalling area 29.4 16.5 0.16 
PS2 Container storage facility 53 32 0.16 
PS3 Container terminal 4.3 2.5 0.16 
PS4 Quay line 7.3 4.4 0.16 
PS5 Inter-modal operations 117 70.2 0.16 
PS6 Roadway 104 62.7 0.16 
 
Pollutant Wash-off 
Parameters for wash-off were developed by analysing the wash-off data generated from 
rainfall simulation studies undertaken in Stage 1. As discussed in the Stage 1 report, 
rainfall was simulated for four different intensities and each intensity for three different 
durations. The variation of pollutant loads with rainfall intensity and duration were then 
used to assess the wash-off behaviour from each surface.  
 
Wash-off is commonly regarded as an exponential decay equation. As noted by 
Egodawatta (2007), the exponential equation for wash-off varies primarily with rainfall 
duration and varies stepwise with rainfall intensity. However, the exponential equation 
used in SWMM does not take into account the variation in rainfall intensity and 
duration separately. It uses runoff rate (R) as the primary rainfall-runoff variable. The 
exponential equation used in SWMM is as follows: 
 
W = B x C3 RC4     Equation 3.2 
Where: 
W – Wash-off load 
B – Build-up load 
R – Runoff rate 
C3 & C4 – Wash-off coefficients 
 
Coefficients C3 and C4 are derived so that the exponential wash-off function show best 
fit with the observed wash-off behaviour. In this regard, coefficient C4 is assumed to be 
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a constant irrespective of the land use or impervious area type and C3 varies with the 
impervious area type. The optimum values obtained for wash-off coefficients are shown 
in Table 3.3.  
 
Table 3.3 – SWMM Wash-off Coefficients 
Site ID Land use 
Wash-off coefficients 
C3 C4 
PS1 Vehicle marshalling area 0.25 0.76 
PS2 Container storage facility 0.25 0.76 
PS3 Container terminal 0.25 0.76 
PS4 Quay line 0.5 0.76 
PS5 Inter-modal operations 0.15 0.76 
PS6 Roadway 0.25 0.76 
 
3.3 Boundary conditions and simulations 
The primary boundary condition that a stormwater quality model requires is rainfall 
records. However, rainfall records should be selected in accordance with the nature of 
the study and the capabilities of the model. SWMM is capable of simulating rainfall 
events in fine times-steps. Furthermore, it can accommodate significant spatial 
variability with the option to incorporate a number of rainfall stations.   
 
In terms of intended outcomes, a long-term estimate of pollutant export is the most 
important in describing the pollution generation potential of a land use. These long term 
estimations are generally in the form of average annual pollutant export from a unit area 
of land use (kg/ha/year). On the other hand, this study required the development of 
input pollutant parameters for the MUSIC model. MUSIC requires pollutant loading 
characteristics from a land use in the format of a probability distribution of EMC data. 
To derive both above noted requirements for a particular land use simulation, a large 
number of rainfall events in fine time steps (6 minutes) is necessary. 
 
In order to limit the number of simulations, rainfall data from the representative three 
years was selected as discussed above. Rainfall records for these three years were 
obtained in 6 minute time steps. From the rainfall records, significant events where the 
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event rainfall depth is greater than the initial loss were selected for simulations. In this 
regard, a total of 59, 44, and 43 rainfall events were selected for 1999, 2004 and 2005 
respectively, for the initial simulations (see Appendix A, Table A.1). The initial 
simulations were undertaken for the Container Storage (PS2) area only. A different 
strategy was adopted to reduce the number of event simulations for the other land uses. 
The strategy adopted is discussed in detail in Chapter 4.  
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4. DATA ANALYSIS AND RECOMMENDATIONS FOR 
MODELLING 
The study has developed detailed knowledge and a comprehensive set of data that can 
be used in stormwater quality modelling for Port land uses as discussed below. Based 
on the outcomes of the study, recommendations are made for stormwater quality 
modelling. 
 
Chapter 3 primarily discussed the parameters used for modelling different land uses. 
The model was developed based on the drainage network at the Container Storage (PS2) 
area which was considered as equivalent to a typical drainage area in the Port of 
Brisbane. The original model with hydrologic and water quality parameters developed 
for PS2 was simulated for all the significant rainfall events in 1999, 2004 and 2005. 
Altogether, 146 rainfall events were simulated.  
 
Outcomes of these simulations were initially analysed to understand the relationship 
between hydrologic and water quality parameters. Based on this, a set of ten storm 
events were selected so that they represent the entire spectrum of storm events. The 
model with parameters representing the other land uses was only simulated for the 
selected set of storm events. The identified relationship between hydrologic and water 
quality parameters were then used to infer the water quality for the other events. This 
approach was adopted to reduce the number of repetitive tasks which was not 
contributing any significant information to the modelling process.  
 
The Port land uses were primarily assessed for their long term pollutant generation. In 
this regard, solids were adopted as the primary pollutant and loads were estimated using 
modelling software. All the other pollutant types were considered as surrogates and 
were estimated as a fraction of the suspended solids load. The surrogate relationships 
between suspended solids and each pollutant were obtained using a series of regression 
analyses (Appendix B Table B.1). Finally, the estimation of average annual pollutant 
loads and statistical parameters for MUSIC modelling for the different pollutant types 
was derived together, with an evaluation of their statistical significance.  
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4.1 Analysis of solids wash-off from Container Storage area (PS2) 
SWMM water quality model embedded in Mike URBAN is capable of estimating 
pollutant concentrations based on user specified pollutant build-up and wash-off 
equations. The outputs of the model simulations are in concentrations (mg/L). The 
model requires details of rainfall events which are input as a time series in 6 minute 
time steps. The model was simulated in one minute time steps.  
 
However, the output files were in 6 minute time steps so that the analysis of rainfall, 
runoff and water quality data is consistent. The resulting pollutant concentrations were 
converted to pollutant loads using the simulated runoff records. The total pollutant load 
was then converted to EMC. The variation of EMC with runoff volume for the 146 
simulated rainfall events for 1999, 2004 and 2005 which were considered as 
representative set of years is shown in Figure 4.1 below.  
 
As evident in Figure 4.1, EMC for PS2 shows a parabolic shape in logarithmic scale 
with highest point at around 30m3. The variation in logarithmic scale can be best 
replicated using a third order polynomial equation.  
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Figure 4.1 – Variation of TSS EMC with runoff volume for PS2 
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A definable variation of EMC with runoff volume suggests that a representative set of 
rainfall events can be selected to replicate the variation. Consequently, ten 
representative events were selected as shown in Figure 4.1. These ten events were used 
for the simulation of the other land uses. In the simulations, the characteristics of each 
land use was replicated by varying the hydrologic and water quality input parameters as 
discussed in Section 4.2. Based on the outcomes of the simulations, a third order 
polynomial equation that explains the variation of EMC with runoff volume was 
developed for each land use to predict EMCs for other rainfall events. The equations are 
listed in Table 4.1 below. Further details are provided in Appendix B Figure B.1.  
 
Table 4.1 – Regression equations for predicting TSS EMC 
Site ID Land use Regression equation 
PS1 Vehicle marshalling area y = 0.0873x3 - 1.6143x2 + 8.8639x - 12.383 
PS2 Container storage facility y = 0.079x3 - 1.4922x2 + 8.2749x - 11.178 
PS3 Container terminal y = 0.0476x3 - 0.9618x2 + 5.3279x - 6.8946 
PS4 Quay line y = 0.4529x3 - 7.4654x2 + 39.613x - 66.076 
PS5 Inter-modal operations y = -0.0348x3 + 0.2923x2 - 0.8341x + 4.2185 
PS6 Roadway y = 0.05x3 - 1.009x2 + 5.6243x - 6.0924 
 
4.2 Analysis of annual TSS export from Port land uses 
The predicted water quality for the 146 rainfall events from each land use was used for 
the analysis of long term water quality outcomes. The analysis was primarily conducted 
to generate annual average pollutant export data from the different areas and to develop 
input parameters for MUSIC modelling.  
 
Table 4.2 gives the pollutant (TSS) export in kg/ha/year for each land use for the three 
years investigated. The three representative years, 1999, 2004 and 2005 were selected 
so that they are above average, average and below average in annual rainfall depths. The 
TSS export from each site for the three years shows significant variation. Average of 
these three years would be the most appropriate estimate for the average annual TSS  
export from Port land uses. However, it is possible to use the export data estimated for 
any of these three years depending on the annual rainfall depth.  
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Table 4.2 – Annual TSS export from Port land uses 
Site ID Land use 
Pollutant load (kg/ha/year) 
1999 2004 2005 Average 
PS1 Vehicle marshalling area 983.7 682.6 657.8 774.7 
PS2 Container storage facility 1856.3 1286.1 1239.9 1460.7 
PS3 Container terminal 135.5 90.7 86.4 104.2 
PS4 Quay line 247.1 183.0 194.1 208.1 
PS5 Inter-modal operations 3389.1 2153.2 1959.6 2500.6 
PS6 Roadway 3427.1 2290.2 2183.6 2633.6 
 
As evident in Table 4.2, PS3 (Container Terminal) and PS4 (Quay line) show 
significantly low annual pollutant export values compared to the other land uses. This is 
primarily due to the low pollutant build-up recorded from these sites. Low pollutant 
build-up can be attributed to the nature of the anthropogenic activities, land cover 
characteristics and land use management practices. A detailed discussion on these 
factors is available in the Stage 1 report. In contrast, PS5 (Inter-model Operations) and 
PS6 (Roadway) recorded high annual pollutant export load compared to the other land 
uses. Though interlocking pavers in PS5 produce less frequent runoff due to high 
infiltration, it indicates that the resulting runoff contains a high pollutant concentration. 
This is due to the ready availability of pollutants trapped between the pavement 
crevices. The Roadway on the other hand is subjected to a high volume of traffic which 
primarily consists of heavy vehicles. This could lead to the generation and deposition of 
high pollutant loads on the road surface.  
 
4.3 Analysis of TSS EMC 
Statistical parameters, namely, mean and standard deviation of EMC has become 
important information in land use assessments. This information is particularly used in 
MUSIC which is widely used for decision making in land use planning, stormwater 
pollution assessment and stormwater treatment design (MUSIC, 2005). 
 
MUSIC is a primarily a tool to aid decision making (MUSIC, 2005). It consists of a 
hydrologic model that operates in daily time-step mode to estimate runoff from a 
catchment. The quality of the runoff is assigned stochastically using the statistical 
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parameters of EMCs assigned for the particular land use adopted in the catchment 
model. MUSIC assumes that the EMC of pollutants from a particular land use is a 
normal distribution and statistical parameters, namely, mean and standard deviation are 
used to define the variation (MUSIC, 2005).  
 
Prior to the development of statistical parameters for MUSIC modelling, it is important 
to understand the nature of the probability distribution of EMCs for the study periods. In 
this regard, probability distribution of TSS EMC for PS2 is shown in Figure 4.2. As 
evident in Figure 4.2, the distribution of EMCs cannot be replicated using a normal 
distribution. Figure 4.2 further indicates that the EMCs fall into two ranges, one from 
100 to 500 mg/L range and the other from 800 to 1200 mg/L range. Most of the events 
that produce EMC in the range of 100 to 500 mg/L are those that produce relatively 
high runoff volumes. EMCs of these events are low particularly due to the limited 
amount of pollutants available on impervious surfaces. On the other hand, most of the 
events that produce EMCs in the range of 800 to 1200 mg/L belong to relatively low 
runoff events which result from high intensity short durational rain events. Such events 
result in high pollutant concentrations. 
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Figure 4.2 – Frequency distribution of TSS EMC for PS2 
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Frequent occurrence of high intensity short durational rainfall events is a feature in 
subtropical regions. Therefore, the shape of the probability distribution can primarily be 
considered as due to the rainfall characteristics rather than catchment or land use 
characteristics. MUSIC assumes that EMC data to be normally distributed. This is based 
on the recommendations of Duncan (1999) who analysed EMC data from a range of 
water quality studies encompassing a diversity of rainfall, catchment and land use 
characteristics. However, Figure 4.2 reveals that the probability distribution of EMC for 
Port land uses is significantly different from a normal distribution. This is possibly due 
to the fact that only one specific location was considered, namely the Port of Brisbane 
whereas Duncan (1999) analysed studies carried out in a range of different geographic 
and climatic conditions. Therefore, the assumptions used in MUSIC are not strictly 
appropriate for the analysis of water quality in Port land uses.  
 
Defining suitable parameters for MUSIC is important. However, in using the parameters 
included in this report for modelling, it is important to note that MUSIC may result in 
under or over estimations of annual pollutant loads. Therefore, it is recommended that 
the annual pollutant load values given in Table 4.2 should be used as a guide to assist in 
deriving accurate model outcomes.  
 
Table 4.3 – Mean and Standard deviations of TSS EMC for Port land uses 
Site ID Land use Mean EMC (mg/L) Standard deviation 
PS1 Vehicle marshalling area 288.2 219.8 
PS2 Container storage facility 541.0 409.3 
PS3 Container terminal 42.5 34.9 
PS4 Quay line 70.1 60.8 
PS5 Inter-modal operations 892.4 619.6 
PS6 Roadway 1060.1 852.2 
 
As evident in Table 4.3, standard deviations for all the port land uses are relatively high. 
This is primarily due to the significant deviation of the probability distribution of EMC 
values from a normal distribution.  
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4.4 Analysis of associated pollutants 
Concentrations of other pollutants were estimated assuming total suspended solids 
(TSS) as the surrogate parameter. In other words, that there is a distinct relationship 
between TSS and other pollutants. As noted by Herngren (2005), heavy metals and 
hydrocarbons are mostly attached to TSS. Therefore, it was noted that the wash-off 
behaviour of heavy metals can be considered similar to suspended solids wash-off 
behaviour. As noted by Miguntanna (2009), wash-off behaviour of phosphorus is 
mostly in particulate form and nitrogen is mostly in dissolved form. However, the wash-
off characteristics of nitrogen and phosphorus was found to be similar to TSS wash-off.  
 
Data obtained from Stage 1 formed the basis for the development of the surrogate 
relationships between each pollutant parameter and TSS. Regression analysis of TSS 
and pollutant parameters was undertaken to derive the surrogate relationship equations 
using SPSS version 17. A linear regression equation as given below was assumed for 
the relationship.  
Y = mX + b      Equation 4.1 
 
Where: 
Y – Concentration of selected pollutant species (mg/L) 
X – Concentration of TSS in runoff (mg/L) 
m – Slope of regression line  
b – Intercept (mg/L) 
 
For particulate attached pollutants, the value for b should be insignificant. In such cases, 
b was omitted from the equation. However, intercept b was allowed to remain in the 
analytical equation since certain pollutants such as nitrogen is mostly in dissolved form 
and therefore, wash-off behaviour can be slightly different from TSS wash-off. The 
estimates for m and b are given as single values based on the best fit as well as an 
envelope band of 80% confidence interval. The 80% confidence interval was chosen to 
indicate the degree of reliability of the estimates. An 80% confidence interval provides a 
relatively high level of certainty, particularly for environmental samples.  
 
Only pollutant types that recorded a significance coefficient (P) < 0.05 were analysed. 
In order to further elaborate the degree of accuracy in predictions, R2 values were also 
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obtained for each regression analysis. R2 describes the percentage of variation of the 
pollutant type (say Y) that can be explained by the variation in TSS (X). Each data set 
was checked for extreme outliers and in instances where they occurred, they were 
omitted from the regression analysis. When the regression analysis was not significant 
(P > 0.05), the data was log transformed to improve the line of best fit. When log 
transformation or the removal of extreme outliers could not improve the accuracy of 
regression, the pollutant estimates were omitted from subsequent analysis. Details of the 
regression equations developed are given in Appendix B, Table B.1. 
 
The EMC of different pollutant types were estimated using the surrogate equations 
derived. In this regard, the EMC of TSS for each simulated rainfall event was used. 
Mean and standard deviation of EMC for different pollutant types were then calculated 
as shown in Table 4.4. Table 4.4 also contains the lower bound and upper bound values 
for mean and standard deviations to elaborate the 80% confidence interval. These values 
explain the variability of EMC. Annual pollutant loads for each pollutant type are 
shown in Table 4.5. 
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Table 4.4 – Mean and standard deviation of EMC for different pollutant types  
Land use 
PS1 PS2 PS3 PS4 PS5 PS6 
Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation 
Nitrogen EMC 
(mg/L) 
Estimation   2.9592 1.6373 2.4196 3.3641 3.3641 2.9162     
LB   2.0211 1.2280 1.3548 2.3128 2.3128 2.0049     
UB   4.4392 2.4559 3.4844 4.4153 4.4153 3.8275     
Phosphorus 
EMC (mg/L) 
Estimation 3.7460 2.8574 0.3354 0.2538  0.2103 0.2103 0.1823 0.7942 0.5514   
LB 2.5934 1.9782 0.2813 0.2128  0.1402 0.1402 0.1215 0.7318 0.5081   
UB 4.8986 3.7366 0.3895 0.2947  0.2803 0.2803 0.2430 0.8567 0.5948   
Al EMC (mg/L) 
Estimation 4.1329 2.6376 8.1156 6.1398 0.9176 1.4017 1.4017 1.2151 20.5255 14.2503 13.7810 11.0787 
LB 2.8814 1.9782 6.4925 4.9118 0.6695 1.2615 1.2615 1.0936 19.6330 13.6307 12.7210 10.2265 
UB 5.3833 3.2970 9.1977 6.9584 1.2094 1.5419 1.5419 1.3366 21.4179 14.8699 14.8411 11.9309 
As EMC 
(mg/L) 
Estimation         0.0232 0.0161   
LB         0.0178 0.0124   
UB         0.0268 0.0186   
Cd EMC 
(mg/L) 
Estimation             
LB             
UB             
Cr EMC (mg/L) 
Estimation 0.0356 0.0176   0.0089 0.0084 0.0084 0.0073 0.1966 0.1487 0.1590 0.1278 
LB 0.0465    0.0068 0.0070 0.0070 0.0061 0.1821 0.1425 0.1378 0.1108 
UB 0.0813    0.0111 0.0091 0.0091 0.0079 0.2110 0.1549 0.1802 0.1449 
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Land use 
PS1 PS2 PS3 PS4 PS5 PS6 
Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation 
Cu EMC 
(mg/L) 
Estimation   0.0563 0.0327 0.0160 0.0771 0.0771 0.0668 0.1303 0.0905 0.5300 0.4261 
LB   0.0408 0.0246 0.0124 0.0399 0.0399 0.0346 0.1249 0.0867 0.4134 0.3324 
UB   0.0717 0.0409 0.0197 0.1149 0.1149 0.0996 0.1339 0.0929 0.6466 0.5198 
Ni EMC (mg/L) 
Estimation 0.0122 0.0070 0.0216 0.0164 0.0038 0.0056 0.0056 0.0049 0.6604 0.4585 0.0463 0.0341 
LB   0.0162 0.0123 0.0034 0.0042 0.0042 0.0036 0.0625 0.0434 0.0348 0.0256 
UB   0.0271 0.0205 0.0043 0.0070 0.0070 0.0061 0.0714 0.0496 0.0578 0.0426 
Pb EMC 
(mg/L) 
Estimation 0.0273 0.0208 0.0162 0.0123 0.0115 0.0070 0.0070 0.0061 0.2231 0.1549 0.4545 0.3750 
LB   0.0108 0.0082 0.0098 0.0056 0.0056 0.0049 0.2053 0.1425 0.3739 0.3153 
UB   0.0271 0.0205 0.0136 0.0091 0.0091 0.0079 0.2410 0.1673 0.5350 0.4346 
Zn EMC 
(mg/L) 
Estimation 1.7289 1.3188   1.6429 0.4205 0.4205 0.3645 3.2981 1.6109 10.0247 7.6699 
LB 1.4408 1.0990   0.9404 0.2803 0.2803 0.2430 2.7343 1.3631 7.7346 5.9655 
UB 2.0171 1.5386   2.3454 0.5607 0.5607 0.4860 3.8618 1.8587 11.2548 8.5221 
TPH (C6-C9) 
EMC (μg/L) 
Estimation 209.76 84.84    251.40 251.40 127.16   2323.46 1783.67 
LB 109.70 29.89    168.11 168.11 92.16   1669.93 1292.80 
UB 309.53 139.57    334.62 334.62 162.09   2975.93 2273.69 
TPH (C10-C14) 
EMC (μg/L) 
Estimation         146.36 101.61   
LB         84.78 58.86   
UB         207.04 143.74   
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Land use 
PS1 PS2 PS3 PS4 PS5 PS6 
Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation Mean 
Standard 
Deviation 
TPH (C15-C28) 
EMC (μg/L) 
Estimation 2064.63 1574.87   1429.55    2433.86 1301.11   
LB 1188.64 906.68   1189.57    1824.25 1035.93   
UB 2940.33 2242.84   393.17    3043.47 1566.29   
TPH (C29-C36) 
EMC (μg/L) 
Estimation 2072.98 1581.24   925.29    3674.95 2551.42   
LB 936.79 714.57   783.27    3005.64 2086.74   
UB 3209.18 2447.92   1067.31   4345.15 3016.72    
Note: Absent values indicate that the presence of the specific pollutant was below the detection limit or no significant correlations could be established for the variation 
of each pollutant type with TSS. 
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Table 4.5 – Annual pollutant export loads from different Port land uses 
Pollutant Site ID  PS1 PS2 PS3 PS4 PS5 PS6 
Nitrogen Annual 
Load (kg/ha/year) 
Estimation  11.73 10.95 9.99   
LB  7.33 6.54 6.87   
UB  17.60 15.35 13.11   
Posphorus Annual 
Load (kg/ha/year) 
Estimation 10.07 0.91  0.62 2.23  
LB 6.97 0.76  0.42 2.05  
UB 13.17 1.05  0.83 2.40  
Al Annual Load 
(kg/ha/year) 
Estimation 14.29 21.91 4.09 4.16 57.52 34.24 
LB 9.10 17.53 3.02 3.75 55.01 31.60 
UB 19.47 24.83 5.28 4.58 60.02 36.87 
As Annual Load 
(kg/ha/year) 
Estimation     0.07  
LB     0.05  
UB     0.08  
Cd Annual Load 
(kg/ha/year) 
Estimation       
LB       
UB       
Cr Annual Load 
(kg/ha/year) 
Estimation 0.16  0.03 0.02 0.48 0.40 
LB 0.00  0.02 0.02 0.42 0.34 
UB 0.00  0.03 0.03 0.55 0.45 
CuAnnual Load 
(kg/ha/year) 
Estimation  0.21 0.06 0.23 0.37 1.32 
LB  0.15 0.04 0.12 0.35 1.03 
UB  0.28 0.07 0.34 0.38 1.61 
Ni Annual Load 
(kg/ha/year) 
Estimation 0.05 0.06 0.01 0.02 1.85 0.13 
LB  0.04 0.01 0.01 0.18 0.10 
UB  0.07 0.01 0.02 0.20 0.16 
Pb Annual Load 
(kg/ha/year) 
Estimation 0.07 0.04 0.03 0.02 0.63 1.08 
LB  0.03 0.03 0.02 0.58 0.85 
UB  0.07 0.04 0.03 0.68 1.30 
Zn Annual Load 
(kg/ha/year) 
Estimation 4.65  6.18 1.25 12.91 27.07 
LB 3.87  3.30 0.83 10.55 20.62 
UB 5.42  9.06 1.66 15.26 30.88 
TPH (C6-C9) 
Annual Load 
(kg/ha/year) 
Estimation 1.03   1.31  6.24 
LB 0.63   0.83  4.42 
UB 1.43   1.79  8.05 
TPH (C10-C14) 
Annual Load 
(kg/ha/year) 
Estimation     0.41  
LB     0.24  
UB     0.58  
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Pollutant Site ID PS1 PS2 PS3 PS4 PS5 PS6 
TPH (C14-C28) 
Annual Load (kg) 
Estimation 5.55  3.55  8.92  
LB 3.20  2.55  6.36  
UB 7.91  0.87  11.48  
TPH (C29-C36) 
Annual Load (kg) 
Estimation 5.57  2.43  10.30  
LB 2.52  1.84  8.42  
UB 8.63  3.02  12.18  
Note: Absent values indicate that the presence of the specific pollutant was below the detection limit or 
no significant correlations could be established. 
 
EMC estimations for some pollutants in some land uses could not be determined due to 
either the pollutant concentrations being below the detection limit or due to the fact that 
no significant correlation with TSS could be established. Presence of a number of data 
points less than detection limit reduces the statistical significance of the regression 
analysis used to develop the surrogate relationships. On the other hand, in some 
instances, the presence of scattered data with no definable variation with TSS prevented 
the development of statistically valid surrogate relationships.   
 
As evident in the data provided, the mean and standard deviation of TSS for PS1, PS2, 
PS4 and PS6 are significantly high compared to the default parameters given in 
MUSIC, whereas the values for PS3 and PS4 are significantly lower. This illustrates the 
uniqueness of Port land uses in terms of pollutant generation. However, the mean and 
standard deviation for nitrogen and phosphorus are in the same order as the default 
values in MUSIC. The default parameters for MUSIC for TSS, phosphorus and nitrogen 
are shown in Figure 4.3, Figure 4.4 and Figure 4.5 respectively. 
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Figure 4.3 – Default MUSIC parameters for TSS 
(Adapted from MUSIC, 2005) 
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Figure 4.4 – Default MUSIC parameters for Phosphorus 
(Adapted from MUSIC 2005) 
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Figure 4.5 – Default MUSIC parameters for Nitrogen 
(Adapted from MUSIC 2005) 
 
4.5 Recommendations for water quality modelling 
This study was primarily undertaken using the SWMM stormwater quality model 
embedded in Mike URBAN software. SWMM is a physically based model which 
replicates natural processes closely using a set of state-of-the-art replication equations. 
The time step used and catchment variability considered was adequate to accommodate 
the temporal and spatial variability of input parameters and the parameters used in the 
modelling reflect the true nature of rainfall-runoff and pollutant processes.  
 
4.5.1 Generic modelling parameters 
In this study, the initial loss values adopted for the impervious surfaces is relatively high 
compared to values noted in research literature (for example Boyd and Milevski, 1996). 
The possible reasons for this occurrence have been discussed in Section 3.2.2.  
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Given the scientifically valid approach used for the field investigations, it is appropriate 
to adopt the initial losses derived from this study for future modelling of Port land uses. 
The relatively high initial losses will reduce the runoff volume generated as well as the 
frequency of runoff events appreciably. Apart from initial losses, most of the other 
parameters used in SWMM are generic to most modelling studies.  
 
4.5.2 MUSIC modelling 
Development of parameters for MUSIC source nodes was one of the primary objectives 
of this study. MUSIC uses a default set of parameters. These parameters were initially 
derived by Duncan (1999), who found that the EMC from a particular land use has a 
normal distribution. MUSIC, therefore uses the mean and standard deviation of 
pollutant parameters based on a normal distribution. 
 
However, it is important to note that based on the values generated in this study, the 
variation of EMCs for Port land uses within the given investigation period does not 
comply with a normal distribution. This issue has been discussed in detail in Section 
4.3. The use of Port specific EMC values informs a stochastic distribution in MUSIC 
which may lead to inaccurate estimations of annual pollutant loads due to embedded 
process equations in the model. Therefore, it is advisable to compare the annual 
pollutant loads generated by MUSIC modelling with values listed in Table 4.2 and 
Table 4.5 and the use of these values as a guide for assessing the accuracy of the 
modelling outcomes. A step by step guide for using the data generated in this study for 
MUSIC modelling is given in Table 4.6 below.  
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Table 4.6 – Guide for using study data in MUSIC modelling 
Step Description Reference 
1 To use the parameters developed in this study in MUSIC 
modelling, the land use should be similar to the land use types 
investigated in this study.  
Table 1.1 
2 MUSIC requires log transformed mean and standard deviations 
of a specific pollutant type to define a source node. Select 
appropriate values for the mean and standard deviations of TSS 
EMCs based on the land use.   
Table 4.3 
3 Select appropriate mean and standard deviations for other 
pollutant types based on the land use.  
Table 4.4 
4 It is recommended to simulate the MUSIC model for the 
representative years, 1999, 2004 and 2005. The values given in 
the report should provide guidance in assessing the accuracy of 
the modelling outcomes. 
Table 4.2 
Table 4.5 
 
 
  
 
54 
5. CONCLUSIONS 
The approach adopted in this study was very different to conventional modelling studies 
where modelling parameters are derived using calibration. The field investigations 
undertaken in Stage 1 of the overall study helped to create fundamental knowledge on 
pollutant build-up and wash-off for different Port land uses. This knowledge was then 
used in computer modelling so that the specific characteristics of pollutant build-up and 
wash-off can be replicated. This meant that no calibration needed to be undertaken due 
to the use of measured parameters for build-up and wash-off.  
 
Stage 1 of the overall study confirmed that Port land uses are unique in terms of the 
anthropogenic activities occurring on them. This uniqueness in land use results in 
distinctive stormwater quality characteristics different to other conventional urban land 
uses. Therefore, it was not scientifically valid to consider the Port as belonging to a 
single land use category or to consider as being similar to any typical urban land use. 
 
The data generated from the Stage 1 of the study required the adoption of a 
methodology to extrapolate small-plot pollutant processes to catchment scale. Based on 
this methodology, mathematical equations to replicate pollutant build-up and wash-off 
processes were developed for the different Port land uses. These equations were then 
applied to evaluate the water quality at the catchment outlets. This knowledge was in 
turn employed in computer modelling so that the exact characteristics of pollutant build-
up and wash-off could be replicated for the different Port land uses. It provided a strong 
scientific basis for deriving technically valid modelling parameters. 
 
This study was primarily undertaken using the SWMM stormwater quality model 
embedded in Mike URBAN software. SWMM is a physically based model which 
replicates natural processes as closely as possible using a set of state-of-the-art 
replication equations. Furthermore, the time step used and catchment variability 
considered was adequate to accommodate the temporal and spatial variability of input 
parameters. In this regard, it can be argued that the parameters used in the modelling 
approach reflect the true nature of the rainfall-runoff and pollutant processes. 
 
From the simulation and analytical work undertaken in this study, the mean and 
standard deviation for suspended solids and a range of other pollutant parameters were 
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derived for six typical Port land uses. These values are suitable for use in MUSIC 
modelling. The values given are specific to Port land uses and unique compared to the 
default parameters provided in the MUSIC model. Additionally, the generic information 
provided can also be used for physically based models for replicating pollutant build-up 
and wash-off from Port land uses. 
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6. RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 
The following recommendations are provided to further strengthen the cutting edge 
nature of the work undertaken in Stage 1 and Stage 2 of this study: 
• It is important to validate the approach recommended for stormwater quality 
modelling at the Port.  
o Validation will require data collection in relation to rainfall, runoff and 
water quality from the selected Port land uses. Data generated from 
investigations can then be compared with model outputs.  
o Additionally, the recommended modelling approach could be applied to 
a soon-to-be-developed area to assess ‘before’ and ‘after’ scenarios. 
 
• In the modelling study, TSS has been adopted as the surrogate parameter for 
other pollutants. This hypothesis was based on doctoral research undertaken at 
QUT on urban land uses. The validity of this approach should be further 
assessed for the Port land uses. 
 
• An important conclusion from Stage 1 was that the <150 µm particle size range 
was predominant in suspended solids for pollutant build-up as well as wash-off. 
Consequently, in conjunction with the adoption of TSS as the surrogate 
parameter for other pollutants gives rise to the following important 
considerations:  
o The ability of the existing structural stormwater mitigation measures to 
remove the <150 µm particle size range need to be assessed. This will 
require field investigations and monitoring of existing structures. 
o The feasibility of introducing source control measures as opposed to end-
of-pipe measures for stormwater quality improvement may need to be 
considered. 
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APPENDIX A 
 
Details of Rainfall Records 
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Figure A.1 – Long term rainfall records 
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Table A.1 – Rainfall events used for model simulations 
Date 
Rainfall 
Depth (mm) 
 Date  
Rainfall 
Depth (mm) 
 Date  
Rainfall 
Depth (mm) 
1999-01-21 5.43  1999-10-15 23.42  2004-12-08 37.98 
1999-02-02 5.07  1999-10-21 72.93  2004-12-09 11.27 
1999-02-03 5.79  1999-10-27 15  2004-12-10 21 
1999-02-04 7.04  1999-11-01 15.81  2004-12-13 11.8 
1999-02-05 31.08  1999-11-08 32.54  2004-12-25 55.72 
1999-02-06 30.33  1999-12-10 10  2005-01-05 10.64 
1999-02-07 5.91  1999-12-11 29.78  2005-01-06 12.26 
1999-02-08 91.74  1999-12-12 5.92  2005-01-24 6.17 
1999-02-09 62.63  1999-12-18 32.17  2005-01-25 17.26 
1999-02-24 13.41  1999-12-27 58.88  2005-01-27 15.9 
1999-02-26 4.18  1999-12-28 20.6  2005-02-02 24.49 
1999-02-28 11.44  2004-01-04 5.82  2005-03-18 14.48 
1999-03-01 38.9  2004-01-11 6.55  2005-04-05 15.95 
1999-03-02 8.21  2004-01-14 63.02  2005-04-09 5.37 
1999-03-03 32.55  2004-01-15 91.37  2005-04-12 5.02 
1999-03-12 11.77  2004-01-16 17.21  2005-04-13 6.69 
1999-03-20 50.28  2004-01-17 6.01  2005-04-22 15.86 
1999-04-04 25.61  2004-01-24 19.22  2005-04-27 20.82 
1999-04-05 5.58  2004-01-25 38.88  2005-05-08 5.33 
1999-04-09 10.12  2004-01-28 7.21  2005-05-11 7.18 
1999-04-11 23.37  2004-01-30 11.2  2005-06-19 6.37 
1999-05-06 5.71  2004-02-02 36.99  2005-06-26 7.7 
1999-05-07 14.45  2004-02-03 36.2  2005-06-27 12.28 
1999-05-09 9.96  2004-02-22 7.82  2005-06-28 15.52 
1999-05-10 8.66  2004-02-24 12.63  2005-06-29 27.26 
1999-05-11 6.93  2004-02-25 19.8  2005-06-30 66.95 
1999-05-19 5.03  2004-03-04 6.42  2005-08-29 9.03 
1999-05-22 5.25  2004-03-05 102.17  2005-08-30 8.29 
1999-06-05 49  2004-03-06 7.53  2005-10-13 11.91 
1999-06-09 31.48  2004-03-18 19.2  2005-10-16 63.49 
1999-06-23 16.34  2004-03-24 6.24  2005-10-20 5.61 
1999-06-24 14.38  2004-04-06 7.12  2005-10-21 10.23 
1999-06-26 9.96  2004-04-16 8.2  2005-10-24 13.58 
1999-06-27 22.23  2004-04-17 7.68  2005-10-27 6.41 
1999-06-28 30.59  2004-04-29 5.62  2005-11-03 8.7 
1999-06-29 13.57  2004-05-08 11.79  2005-11-04 6.14 
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Date 
Rainfall 
Depth (mm) 
 Date  
Rainfall 
Depth (mm) 
 Date  
Rainfall 
Depth (mm) 
1999-07-01 54.56  2004-08-18 7.26  2005-11-06 8.41 
1999-07-09 11.04  2004-08-31 5.02  2005-11-12 5.36 
1999-07-11 10.44  2004-09-05 11.01  2005-11-16 8.68 
1999-07-16 6.82  2004-09-20 5.42  2005-11-24 9.34 
1999-07-24 43.16  2004-10-17 6.66  2005-11-25 22.57 
1999-08-24 13.38  2004-10-18 33.58  2005-11-26 5.08 
1999-08-29 21.76  2004-11-05 11.08  2005-11-27 39.27 
1999-08-30 9.77  2004-11-07 28.33  2005-11-29 5.81 
1999-09-11 23.34  2004-11-08 35.61  2005-12-01 54.99 
1999-09-27 9.97  2004-11-09 17.02  2005-12-02 13.44 
1999-09-28 15.18  2004-11-21 10.38  2005-12-08 24.4 
1999-10-03 8.64  2004-12-05 19.01  2005-12-16 14.02 
1999-10-04 25.6  2004-12-06 40.94  2005-12-17 6.6 
1999-10-14 59.9  2004-12-07 44.67    
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APPENDIX B 
 
Details of Data Analysis  
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PS1 - Vehicle marshalling area
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PS3 - Container terminal
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PS5 - Inter-model operations
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Figure B.1 – TSS EMC prediction equations for different Port land uses 
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Table B.1 – Surrogate equations for different pollutant types in Port land uses 
 
A For PS1 (Vehicle marshalling area) 
Pollutant Equation R2  P  Comments 
TN 0.034*TSS 0.63 0.002  
TP 0.013*TSS 0.63 0.002  
TAl 0.012*TSS + 
0.675 
0.72 0.001 One extreme outlier removed from 
regression analysis 
TAs    All values below detection limit 
TCd  0.06 0.464  
TCr 0.00006*TSS 0.52 0.008  
TCu    Insufficient decimal places in raw 
data to obtain reliable regression 
equation 
THg    All values below detection limit 
TNi 0.00003*TSS + 
0.003 
0.40 0.036 One extreme outlier removed from 
regression analysis (same data 
point as for TAl) 
TPb 0.00009*TSS 0.66 0.001  
TZn 0.006*TSS 0.83 0.000  
TPH (C6-C9)  0.31 0.060  
TPH (C10-
C14) 
 0.24 0.106 Most values below detection limit 
TPH (C15-
C28) 
7.165*TSS 0.51 0.009  
TPH (C29-
C36) 
7.194*TSS 0.38 0.031  
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B For PS2 (Container storage area) 
Pollutant Equation R2  P  Comments 
TN 0.004*TSS + 
0.795 
0.57 0.005  
TP 0.0006*TSS 0.98 0.034 Only 3 data points 
TAl 0.015*TSS 0.89 0.000  
TAs    All values below detection limit 
TCd  0.08  
0.381 
 
TCr  0.20 0.147  
TCu 0.00008*TSS + 
0.0130 
0.76 0.000  
THg    All values below detection limit 
TNi 0.00004*TSS 0.86 0.000  
TPb 0.0003*TSS 0.40 0.028  
TZn  0.02 0.649  
TPH (C6-
C9) 
 0.10 0.304  
TPH (C10-
C14) 
 0.00 0.994  
TPH (C15-
C28) 
 0.12 0.280  
TPH (C29-
C36) 
 0.18 0.165  
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C For PS3 (Container terminal) 
Pollutant Equation R2  P  Comments 
TN 0.036*TSS + 0.888 0.42 0.022  
TP    No data for TP at this site 
TAl 0.014*TSS + 0.322 0.63 0.002  
TAs    All values below detection limit 
TCd    All values below detection limit 
TCr 0.0002*TSS 0.76 0.000  
TCu 0.00033*TSS + 
0.00201 
0.83 0.000  
THg    All values below detection limit 
TNi 0.0009*TSS 0.94 0.000  
TPb 0.00027*TSS 0.88 0.000  
TZn 0.031*TSS + 0.324 0.58 0.004  
TPH (C6-C9)  0.00 0.998  
TPH (C10-
C14) 
0.997*logTSS + 1.05 0.50 0.010 Data log transformed prior to 
regression analysis 
TPH (C15-
C28) 
36.54*TSS – 125.26 0.94 0.000  
TPH (C29-
C36) 
22.945*TSS  0.94 0.000  
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D For PS4 (Quay line) 
Pollutant Equation R2  P  Comments 
TN 0.048*TSS 0.66 0.001  
TP 0.004*TSS 0.81 0.015 Outliers removed 
TAl 0.020*TSS 0.96 0.000  
TAs  0.32 0.057 Most values below detection 
limit 
TCd    All values below detection limit 
TCr 0.00012*TSS 0.94 0.000  
TCu 0.0011*TSS 0.45 0.017  
THg    All values below detection limit 
TNi 0.00008*TSS 0.78 0.000  
TPb 0.0001*TSS 0.78 0.000  
TZn 0.006*TSS 0.54 0.006  
TPH (C6-C9) 2.093*TSS + 104.7 0.71 0.001  
TPH (C10-
C14) 
-0.314*TSS + 28.16 0.50 0.011 Most values below detection 
limit – correlation was negative 
TPH (C15-
C28) 
3.430*TSS 0.68 0.006 Outliers removed 
TPH (C29-
C36) 
2.567*TSS 0.77 0.002 Outliers removed 
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E For PS5 (Inter-model operations) 
Pollutant Equation R2  P  Comments 
TN 0.379*logTSS 0.35 0.043 Data log transformed prior to 
regression analysis 
TP 0.00089*TSS 0.97 0.000  
TAl 0.023*TSS – 0.860 0.99 0.000  
TAs 0.000026*TSS 0.89 0.000  
TCd 0.0000024*TSS 0.96 0.000  
TCr 0.00024*TSS – 
0.0176 
0.99 0.000  
TCu 0.000146*TSS 0.99 0.000  
THg    All values below detection limit 
TNi 0.000074*TSS 0.98 0.000  
TPb 0.00025*TSS 0.95 0.000  
TZn 0.0026*TSS + 0.978 0.89 0.000  
TPH (C6-C9)  0.00 0.870  
TPH (C10-
C14) 
0.164*TSS 0.52 0.008  
TPH (C15-
C28) 
2.10*TSS + 559.80 0.82 0.000  
TPH (C29-
C36) 
4.118*TSS 0.86 0.000 Removed one outlier from 
regression analysis 
 
 
  
 
70 
F For PS6 (Roadway) 
Pollutant Equation R2  P  Comments 
TN  0.04 0.552  
TP  0.06 0.444  
TAl 0.013*TSS 0.98 0.000  
TAs  0.07 0.398 Most data points below 
detection limit 
TCd  0.11 0.297 Most data points below 
detection limit 
TCr 0.00015*TSS 0.93 0.000  
TCu 0.0005*TSS 0.81 0.000  
THg    All values below detection limit 
TNi 0.00004*TSS + 
0.0039 
0.78 0.000  
TPb 0.00044*TSS – 
0.0120 
0.88 0.000  
TZn 0.009*TSS + 0.484 0.80 0.000  
TPH (C6-C9)  0.21 0.133  
TPH (C10-
C14) 
   Most values below detection 
limit – insufficient data points 
TPH (C15-
C28) 
 0.29 0.072  
TPH (C29-
C36) 
-3.302*TSS + 
873.61 
0.39 0.030 Correlation was negative  
 
 
 
 
 
